Direct drive wave energy converters have been proposed in view of the disadvantage of mechanical complexity and low conversion efficiencies in conventional wave energy converters. By directly coupling a linear generator to a reciprocating wave energy device it is suggested that direct drive power take-off could be a viable alternative to hydraulic and pneumatic based systems. To further realise the benefits of a direct drive system this paper presents a control scheme based on reaction force control to maximise energy extraction. It focuses predominantly on the theoretical analysis of the linear generator reaction force. The modelling, simulation and control of direct drive wave energy conversion are systematically investigated by computer-aided analysis via Matlab/Simulink.
Introduction
Wave energy has the potential to make a significant contribution in reducing carbon emissions with targets set by the UK government in a 2003 White Paper [1] . The energy from waves in UK waters represents half of Europe's total wave resource; the technical resource is estimated at approximately one quarter of the UK's total installed generation capacity [2] . Developments in wave energy conversion have concentrated on the method of extraction rather than the electrical power conversion. As a consequence, power take-off systems that make use of conventional high speed rotary electrical generators such as induction machines and synchronous machines have been implemented in wave energy converters (WECs). Direct drive power take-off systems incorporating linear generators have been proposed as a viable alternative to the use of conventional rotating machines [3, 4] . By utilising linear generators that operate at low speed, the need for a mechanical interface involving complex hydraulic or pneumatic systems is eradicated, resulting in a simpler power take-off system with fewer conversion losses. An example where a direct drive power take-off system has been used can be found in the Archimedes Wave Swing (AWS) WEC [5] .
The reciprocating motion of a linear generator implies that direct drive power take-off systems can be implemented in point absorber or heaving buoy type WECs by direct coupling, as shown in Fig. 1 . The frequency at which sea waves excite a wave energy device can vary enormously, but the capture bandwidth of a device is limited. Point absorbers naturally have a narrow bandwidth due to their small physical dimensions compared to the incident wavelength.
Therefore, device characteristics need to be matched to the wave climate so that maximum energy can be extracted from the waves. This makes it essential to control the reciprocating motion of a wave energy device if they are to work well over a wide range of conditions.
Fig. 1 Diagram of a generic direct drive wave energy converter
A number of investigators have proposed various methods for achieving control; most of which aim to obtain an optimum phase and optimum amplitude of oscillation to maximise the energy extracted [6] [7] [8] . In each case a purely mechanical or electro-mechanical method was suggested.
In this paper the authors present a method of controlling a heaving buoy point absorber by utilising a linear electrical generator directly coupled to a wave energy device. The paper begins with an overview of a heaving buoy point absorber coupled to a linear electrical generator. The parameters for phase and amplitude control are expressed in electrical terms. It then explains how the generator reaction force can be used to control these parameters through armature current control. The paper then focuses on the development of a direct drive WEC model with control implementation which, in particular, emphasises the generator reaction force production for a linear vernier hybrid machine. Simulation results from the model are presented for control in regular seas. Linear theory of point absorbers under monochromatic wave-excitation is assumed throughout the paper.
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Control of Point Absorbers
A point absorber can be represented using the electrical analogue of a mass spring damper system to give an insight into power transfer within a direct drive WEC [9] . Figure 2 shows a series resonant circuit representing the wave energy device and generator where the electrical equivalent of the wave excitation force (F e ) is represented by an EMF source.
The EMF source drives an equivalent current, the device velocity (U) through the various elements of the circuit:
inductance represents the mass of the device (M), capacitance is the inverse of the spring stiffness force constant (K w ) and the resistance is the mechanical damping (B w ) which includes radiation resistance due to the radiation of waves by the oscillating body. The load represents the generator, having a reaction force (F g ) across an equivalent variable and controllable impedance (Z g ). Frictional losses from the generator are also represented by Z g .
Fig. 2 Electrical analogue of a point absorber
The expression for the device impedance (Z w ) is given by applying electrical theory to the circuit in Fig. 2 .
(1) By expanding the load impedance (Z g ) in terms of equivalent resistive, inductive or capacitive components, the ability of the generator to control the frequency characteristics of the above circuit can be investigated. As with an electrical circuit the forces can be represented by a phasor diagram as shown in Fig. 3 where it is assumed that the displacement
Fig. 3 Phasor representation of excitation and generator forces at frequency ω
The generator reaction force and the excitation force are given by (3) and (4) respectively.
By using trigonometric identities the generator force can be represented by two force terms: one which is proportional to velocity, and a second force term that is proportional to displacement. These forces can be represented by a damping force term ( x B g & ) and a spring force term ( x K g ) respectively as shown in (5) . The generator impedance (Z g ) can therefore also be represented as a damping component and a spring stiffness component as shown in (6) and in Fig. 4 .
Fig. 4 Electrical analogue of a point absorber wave energy converter, with Z g represented as damping and spring stiffness components
Similarly to an electrical series resonant circuit, mechanical resonance occurs in a point absorber WEC when the sum of the imaginary components of the total impedance adds up to zero. Maximum power transfer occurs when the generator impedance is equal to the complex conjugate of the device impedance. Hence, the generator impedances have to be controlled to meet the following requirements given in (7) and (8) to achieve amplitude and phase control:
In a linear electrical generator phase control requires the control of a force that emulates a spring stiffness force.
Amplitude control requires control of a force similar to a damping force.
The resonant frequency is given in (9) which can be controlled by varying the generator spring stiffness constant. At resonance the total impedance of the point absorber and the load is real; the excitation force (F e ) and the velocity (U) are in phase, and therefore, maximum power is transferred to the load impedance which represents the generator. This is shown in Fig. 5 where the phase of the load at resonance (φ g ) is given by (10) . 
Implementation of Phase and Amplitude Control
In order to control the phase and amplitude of a heaving point absorber, the force generated by a directly coupled linear electrical generator, the so-called generator reaction force, can be utilised. The generator force can be represented as two components: a damping force proportional to velocity and a spring stiffness force proportional to displacement, as given in (5) . The generator force is a function of the geometry and properties of the permanent magnets, the machine design and the peak current. However, only the latter can be used to control this force. Therefore, in order to resolve the generator force vector (f g ) into two orthogonal components, the current vector is decomposed into the x -directed
The expression for generator force given in (11) which is derived in section 4 can be expanded to give:
where the two current terms in the brackets can be represented as current phasors i x and x i & . Electrically, these are the orthogonal components of the armature current envelope. A simplified equation is shown in (13) where
By comparing (5) and (13) expressions can be given for the generator forces in terms of the damping and spring stiffness forces. These are given in (14a) and (14b) which can be rearranged to provide the current vector requirements in terms of the generator spring stiffness and damping constants shown by the equations in (15) which can also be expressed in terms of the device parameters as described in section 2.
Subsequently, the desired 3-phase currents are derived from the current vectors and used for current regulation.
By controlling the current vectors x
i and x i & it is therefore possible to control the phase and amplitude of the device for maximum energy conversion. The current vector x i controls the generator spring stiffness force providing phase control; the current vector x i & controls the damping force providing amplitude control and conversion of real power.
Direct Drive Wave Energy Converter Model
A direct drive WEC was modelled using Matlab/Simulink. A description of the model is given in 4.1, followed by an in-depth description of the generator reaction force model in 4.2. The linear generator is modelled on the vernier hybrid machine (VHM) [10, 11] which is based on the Variable Reluctance Permanent Magnet (VRPM) machine topology. VRPM machines are well known to have high shear stresses and are particularly suited to low speed, high torque applications. Shear stresses of up to 200 kN/m 2 can be found in machines such as the Transverse Flux Permanent Magnet machine, but resulting in low power factor and construction complexity. The VHM goes some way to resolving the latter by adopting a more conventional machine structure.
Simulink Model Description
The electrical output of the linear generator has variable amplitude and frequency due to the reciprocating motion of the point absorber. The model uses two back-to-back inverters for the power conversion stage to allow inversion into the mains and armature current control by way of active rectification. A description of the converter design and operation can be found in [12] .
The control system implements the control procedure described in the previous section and is divided into two main subsystems within the power take-off block, which is shown in Fig. 7 . The spring stiffness and damping coefficient requirements are used to calculate the x -directed and x & -directed current components, which are then fed into the 1 st subsystem (3-phase i) to derive the required 3-phase armature currents. The required 3-phase currents are then compared with the actual 3-phase currents by a 2 nd subsystem (i control); the error is used to generate driving signals for the power converter switches on the active rectifier side. A similar controller exists to regulate the DC link voltage via the inverter, which has a direct influence on the rate of change of the armature currents. A well maintained DC link voltage would not only allow the armature current to be controlled effectively, but would in turn allow the motion of the point absorber to be more in tune with the incident wave.
Hydrodynamic parameters are required in both the wave energy capture device model and the power take-off model
where numerical values are calculated based on a method described in Eidsmoen, using linear hydrodynamic theory [13] . These numerical values are subsequently stored in look-up tables as excitation force, added mass and damping coefficients, which are then used to derive the excitation force due to the incident wave and the radiation impedance, which make up the added mass and damping forces. [D]
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Generator Reaction Force Model
As with a conventional electrical machine, the useful force in a linear machine is produced by the interaction of current carrying conductors with a magnetic field known as the Lorentz force. If the magnetic field (B) and the current (I) in a conductor of length l are perpendicular, the Lorentz force is given by (16) where q is the charge travelling along a conductor at a velocity v.
Calculation of the Lorentz forces in an electrical machine can be achieved using finite element modelling with a reasonable level of confidence. The force can be stored in a look-up table for various positions of the translator in the machine and then used in the control simulation. However, a new finite element model has to be regenerated for any change in geometry and so is not very versatile for use in the design office. Hence a simpler analytical model is derived and presented in this paper with finite element and experimental results to support the model.
A cross-section of one phase of a linear VHM is shown in Fig. 8(a) . A linear toothed translator moves back and forth between two C-cores with coils wound on each pole. Magnets are mounted on each pole face so that the flux flow is of that shown in Fig. 8(a) when the translator teeth are fully aligned with the magnets. The flux decays to zero and then reverses polarity as the translator moves to the fully unaligned position. Hence, the coils experience a rapid change in flux where the electrical frequency of the pulsations is greater than the frequency of translator oscillation, producing a so-called magnetic gearing effect. For a 3-phase machine the adjacent phases are separated by two thirds of a translator pitch so that the flux pulsations are 120 degrees out of phase. The machine can be constructed via a modular approach with each phase magnetically isolated from the other, which allows a high degree of flexibility in the choice of power ratings and design parameters. Details of the design and modelling of the linear machine can be found in references [14, 15] . a tooth compared to the flux density in the slot region (B 2 ). As shown in the diagram maximum force is produced when the centre of the tooth is aligned with the interface between two adjacent magnets. If the magnetic field is in the direction shown, a large force is produced under a tooth (F 1 ) and a smaller force acting in the opposite direction is produced in the slot region (F 2 ). The peak force on one translator tooth is given by:
where B 1 and B 2 are both due to the armature excitation, l is the core length of the machine and I PM , given in (18) , is the equivalent current at the interface of two adjacent magnets of thickness t. where a is half the slot width, and g is the distance between the translator and the pole face and is equal to the sum of the actual air gap length and the so-called magnetic air gap. Hence, the peak force for one phase with p pole faces and Z teeth per face can now be re-written as:
The maximum flux density (B 1 ) is given in (21). It is calculated from the magnetic reluctance network of one phase with the assumption that the magnetic air gap is constant.
where N is the number of turns per coil and i A (t) is the coil armature current which can be controlled. A similar expression has been derived by Iwabuchi et al [16] with the only difference being that their expression for peak force contains a constant, β, which is equal to the bracketed term in (20).
As the translator moves position, the flux density waveform produced by the armature currents moves with the translator, so that the force acting on the translator teeth changes also. The geometry of the air gap was chosen for an example machine such that the harmonics in the flux density waveform can be ignored [17] . Hence, the flux density waveform in the air gap is assumed to be sinusoidal; so, it can be inferred that the force distribution with position is also sinusoidal. For a translator oscillation frequency, ω, which would be equal to the buoy frequency in a direct drive system the force for a single phase machine is given by (22).
where the peak force constant is given by In most applications there will be three phases each producing its own force similar to (22), but each force will be out of phase with the other by 120 electrical degrees. The form of the phase current depends upon the nature of the induced EMF, which is given by (24) to (26) for all three phases [12] . In order to convert maximum electrical power from the linear VHM the induced EMF and the current must be in phase with one another in order to compensate for the high reactance typical of these machines. Hence, the phase currents will be of a similar form to the induced voltages and are given in (27) Substituting each of the 3-phase currents into (22) will produce the forces produced by each phase. The total reaction force generated by the machine is equal to the sum, which is expressed in (30) and assumes that θ 0 = π/2.
For a point absorber in monochromatic waves the excitation force is assumed to be in phase with the wave displacement. Hence, the generator force is of a similar distribution to the excitation force enabling it to be used to control the point absorber. Equation (30) only includes the electromagnetic force due to Lorentz. However, even with no current flowing, a force exists due to the alignment of the magnets with the teeth on the translator; a so called cogging force. In this machine it was found that provided the machine is balanced, the cogging forces produced by each phase were distributed such that their sum was always equal to zero.
In order to verify this force model force calculations from a finite element model were generated. The finite element model was verified using experimental results of a prototype machine in reference [15] , in which full details of the finite element model can be found. Figure 9 shows a comparison between the two sets of force data.
Fig. 9
Comparison between finite element force data (solid line) and the force model data (dotted line)
Results
Simulation results are based on a model of a linear generator directly coupled to a floating buoy with a single degree-offreedom. The floating buoy is excited by a sinusoidal wave force at a frequency of 1.3 rad/s, causing it to exhibit heave motion. Parameters related to the simulations can be found in Table 1 . Figure 10 (a) shows the frequency response for an uncontrolled direct drive WEC. As expected, average power is at a maximum when the wave excitation frequency coincides with the natural frequency of the WEC. On either side of the natural frequency the extracted power rapidly decreases. In Fig. 10(b) the velocity of a controlled heaving buoy is in phase with the wave excitation force so that maximum power can be extracted from the waves. This is achieved by calculating the required spring stiffness and damping to be produced by the generator, which is controlled by the xdirected and the x & -directed current components, x i and x i & , as shown in Fig. 10(c) . For this particular simulation, the required generator spring stiffness force is much greater than the required generator damping force. Hence, x i has a greater amplitude in comparison to x i & . The envelope of the 3-phase currents given by
i dominates is therefore out of phase with the envelope of the induced EMF, where EMF is proportional to the velocity of the heaving buoy, as shown in Fig. 10(d) and Fig. 10(e ). This implies that generator power flow is not unidirectional due to the reactive power demands in order to achieve mechanical resonance. Indeed, any amount of spring stiffness produced by the linear generator would mean that electrical resonance is not achieved. This is simply due to the x i component that is required for energy to be returned to the sea for part of the cycle. The only condition where mechanical and electrical resonance can be achieved simultaneously is when the linear generator is not required to produce a spring stiffness force, and therefore, only the x i & component exists, which allows the armature currents to be in phase with the induced EMF. In Fig. 10 (f) the instantaneous power produced by the linear generator has a peak value of about 375 kW, whereas the average power is around 70 kW. As a result, the linear generator and power converter would have to be considerably overrated for maximum power extraction. However, measures can be taken to reduce the level of overrating that would still result in a vast improvement in extracted wave power compared with an uncontrolled system.
Implementing these measures would also allow direct drive WECs to be optimised for specific requirements that are not necessarily based on extracting maximum power from each WEC. Ongoing investigations into different approaches are being explored along with extension to real seas states. 
Discussion
As shown in Fig. 10(a) a heaving buoy wave energy converter has a highly resonant power-frequency characteristic.
It should also be noted that the resonant frequency is high reflecting the fact that a smaller device has been modelled, which would operate closer to shore. In deep water a dominant wave period of approximately 10 seconds can be expected. The device would be designed so that the resonant frequency corresponds to the most common wave frequency at the site, but the device should also be controllable so that it can capture energy at frequencies either side of the resonant. In this paper it has been shown that an effective generator spring stiffness can be controlled to modify the overall stiffness of the system and hence the resonant frequency of the device. However, in order to do this, a mechanical reactive force is required, which is produced by current x i . As the results in Fig. 10(c) show, this current component is significantly larger than the damping current x i & , which produces the useful active power. This mechanical reactive force leads to a negative power flow as shown in Fig. 10(f) . Frequency control of the device therefore, requires a reactive power flow to supply a mechanical reactive force. It should be stressed that this is not the same as electrical reactive power, although its presence has the same impact in that the electrical generator and converter would have to be overrated in order to achieve the results shown in Fig. 10 . It is apparent that mechanical methods for achieving phase control, such as latching, would require similar amounts of energy.
A flatter device frequency characteristic would be more suitable for phase control and lead to fewer problems in terms of sizing the machine. It has been shown by Salter that an inclining IPS buoy can lead to a wider bandwidth of energy capture, which makes control significantly less energy intensive [18] . For the purposes of illustration, the heaving buoy example used in this paper is very illuminating in subsequent issues associated with implementing phase control. The issue of machine sizing is also worth discussing. Even without any control the system needs to be sized according to the peak wave power that it is likely to encounter, which can be 5 times the average incident power. For example, the AWS device was peak rated at 2 MW with an average of 400 kW. The ratio of peak-to-average power shown in Fig. 10(f) is of a similar order to that of the AWS. Since the variation of power takes place over several seconds, there is opportunity for some cooling to take place. In real sea states the variation in power capture is much more random than in pure monochromatic seas states. Hence, there is some scope for investigating overload performance for machines in this application. Overrating generation equipment is an issue for wave energy systems as a whole, not just those using phase control. However, by applying phase control to a device with wider bandwidth further increases in rating size can be alleviated. An investigation into machine sizing and overload performance is forming the basis of future work, with the model and results presented in this paper providing the basis for the research.
Conclusions
The work presented in this paper has highlighted two aspects of a linear generator for direct drive wave energy conversion: control for maximum energy capture and linear generator force development using a simple analytical method. Theoretic analysis methods for a direct drive WEC are systematically provided, with both EMF and reaction forces of the VRPM machine verified by simulation. The simulation results show that while the proposed control system is feasible for implementation, the linear machine and power converter would have to be considerably overrated due to the reactive power demands. Control through electrical means, however, still represents an attractive option for a
